The aim of this study is to propose a novel data analysis approach, 'Analysis of Characterizing Phases' (ACP), that detects and examines phases of variance within a sample of curves utilizing the time, magnitude and magnitude-time domain; and to compare the findings of ACP to discrete point analysis in identifying performance related factors in vertical jumps. Twenty five vertical jumps were analyzed. Discrete point analysis identified the initial-to-maximum rate of force development (p = .006) and the time from initial-tomaximum force (p = .047) as performance related factors. However, due to inter-subject variability in the shape of the force curves (i.e non-, uni-and bi-modal nature), these variables were judged to be functionally erroneous. In contrast, ACP identified the ability to:
Introduction
Identification of performance related factors is a major goal in sports biomechanics as they provide useful information for optimizing training interventions. Traditionally discrete point analysis techniques are used to identify performance related factors, which hold a number of limitations: (i) only a few individual pre-selected data points are used to summarize a complex continuous signal, thereby discarding the vast majority of the signal and potentially important information, (ii) key events selected for analysis vary across studies, and (iii) performance related factors can occur over phases that are not necessarily captured in a single data point. In consequence, biomechanists have sought new ways to analyse data as a continuous signal, [1] [2] [3] such as functional data analysis which: examines a sample of curves described by functions rather than discrete data points, does not require linear time normalization which can alter the data, 4 and uncovers the underlying structure while maintaining all of the signal information. [4] [5] [6] [7] [8] [9] [10] However, there are two possible limitations to functional data analysis as currently employed in biomechanics. [4] [5] [6] [7] [8] [9] [10] Firstly, it does not inherently identify key-phases, a it tends to be applied to the whole function assuming that key-phases have an overwhelming effect on the generated output score. In consequence, it has the potential to mask performance related factors. Secondly, it cannot examine the combined magnitude-time domain, b which can hold important information. To date, no data analysis technique addresses the aforementioned limitations. The aim of this study is to propose a novel data analysis approach; 'Analysis of Characterizing Phases' (ACP), and to compare its findings to discrete point analysis when identifying performance a To analyze key-phases it is necessary to pre-select or visually identify them prior to analysis, which can result in the identification of false key-phases.
b The magnitude-time domain merges the information from a waveform's shape and timing. This combination enables the identification of performance related factors that are dependent on both amplitude and time (i.e. impulse-momentum relationship in countermovement jumps).
related factors within the vertical ground reaction force (force) during the propulsive phase of the countermovement jump.
Methods
Twenty five male athletes (age = 22.0 ± 4.0 years; mass = 77.8 ± 9.8 kg), experienced in performing the countermovement jump and free from lower limb injury participated in this study. The University Ethics Committee approved the study. All participants were informed of any risk and signed an informed consent form before participation.
Prior to data collection every participant performed a standard warm-up routine Only the force-time curve during the propulsion phase was analysed. The start of the propulsion phase was identified from the power-time curve of the body's centre of mass.
For the discrete point analysis, the following 'key' points were examined: initial force, mean force, maximum force, initial-to-maximum rate of force development, time from initial-to-maximum force, percentage initial-to-maximum force, time from maximum force to take-off and propulsion phase duration. [11] [12] [13] [14] [15] [16] Initial-to-maximum rate of force development was calculated (Equation 3) from the initial force to the point i at which the maximum force occurred. 11 All results are reported as mean ± standard deviation.
Equation 3
Force and continuous rate of force development curves were analyzed using ACP ( Figure 1 ). Continuous rate of force development was determined by differentiating the functional force data.
Normalization:
The captured samples differed in length/duration and had to be normalized before applying ACP. A basis b-spline system was used for normalization to avoid linear time normalization. General properties of basis b-spline system are outlined elsewhere.
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Identification of Characterizing Phases: To identify characterizing phases the force variance-covariance matrix was calculated and analyzed using an Eigen analysis. component. Principal components were considered until they described 99% of the data's variance. 20 To increase the interpretability of the retained principal components a VARIMAX c A variance-covariance matrix should only be used if the used data does not differ in unit or origin. and after the segment with the highest pattern-characterizing potential, and so on.
Examining pattern-characterizing phases: Similarity scores were calculated for each participant within identified key-phases. These scores measure the relationship between curves with respect to time, magnitude and the combined magnitude-time domain, and were used for statistical analysis. Similarity scores were generated by calculating the Euclidean distance between two curves (Equation 4), which is the root sum of all squared distances defined by the curves of a participant q and the best jump p at every point i within the selected segment.
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Equation 4
A low similarity score indicates high similarity between the signals, and vice versa.
Where a significant difference between the similarity scores is evident, the similarity scores were recalculated within the segments of the next lowest pattern-characterizing potential phase. d This process is terminated when a non-significant stage, the start point, or the end point of the key-phase is reached. This approach explores the total phase over which a difference exists and avoids a possible overwhelming effect of a highly significant key phase erroneously causing a non-significant phase to appear significant.
The present study used a correlation analysis (p = .05) to examine the relationship between discrete points (discrete point analysis) or similarity scores (ACP) and jump height.
Factors that significantly correlated with jump height (performance outcome) were defined as performance related factors and classified into weak (r² < .09), moderate (.09 < r² < .49) and strong (r² > .49).
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Results
The discrete point analysis technique did not identify any relationship between jump height and either high forces or the duration of force application ( Table 1 ). Factors that did correlate with jump height were initial-to-maximum rate of force development and time from initial-to-maximum force ( Table 1) .
Analysis of Characterizing Phases found key-phases in both force and rate of force development which correlated with jump height (Table 2, Figure 3 jumps were achieved by a greater magnitude in rate of force development over a phase of 18-80 % and 88-99 %.
Discussion
The analysis techniques identified different performance related factors. Maximum force was not a performance related factor using discrete point analysis, but was a strong factor with ACP. Visual examination of each force curve indicated a significant variation in their shape, with curves being either non-, uni-or bi-modal in nature, and in the case of bimodal curves the maximum force could occur at either peak. This may explain the contrasting findings between the analysis techniques. To examine this possibility each force curve was divided into two phases (phase1: 0-60 %; phase2: 60-100 %) and the magnitude and timing of the maximum force in each phase was re-examined for correlation to jump
height. e The timing and magnitude of the maximum force in the second phase were subsequently identified as moderate performance related factors (p = .003, r² = .315 and p = .039, r² = .172, respectively). Due to the pre-selection of 'key' events and the inability to take into account their position, discrete point analysis can fail to identify performance related factors. This may explain previous contrasting findings, all of which used discrete point analysis, with some reporting maximum force as a performance related factor while others did not. [11] [12] [13] [14] [15] [16] Discrete point analysis identified the time from initial-to-maximum force and the initial-to-maximum rate of force development as moderate performance related factors.
While these variables are mathematically feasible, they are functionally erroneous. Firstly, the time from initial-to-maximum force is highly distributed due to the multi-modal nature of the force curves. A separate analysis of early and late peaking athletes found no relationship with jump height for either group (p > .106). Secondly, rate of force development should e These phases were based on the findings of ACP describe the neuromuscular capacity to 'continue to increase/decline force'. This criterion is not met in the bi-modal force curves where maximum force can occur at the second peak and when discrete rate of force development is calculated relative to the start of the propulsion phase. [11] [12] [13] [14] For similar reasons, initial-to-maximum rate of force development can be calculated using the maximum force in the first or second phase. In consequence, the variables 'time from initial-to-maximum force' and 'initial-to-maximum rate of force development' would not easily relate to either a specific exercise or an instruction to change jump technique. This may partly explain the contrasting results in previous studies, all of which utilised discrete point analysis, where some studies reported initial-to-maximum rate of force development as a performance related factor while others did not. However, we believe that the higher decline in continuous rate of force development (88-99 %) is due to the higher force and their extended period of application towards the end of the propulsion phase. Consequently, the higher decline in continuous rate of force development is functionally erroneous because no one would attempt to deliberately reduce force as fast as possible prior to take off; rather the higher and more prolonged forces must simply decline to zero quicker prior to take-off.
In conclusion, ACP seems to be more effective at identifying performance related factors in the force curves of countermovement jumps than discrete point analysis because it:
(i) analyses only related phases of curves and hence examines comparable neuromuscular
